This paper is concerned with the problem of robust exponential stability for linear parameter-dependent (LPD) neutral systems with mixed time-varying delays and nonlinear perturbations. Based on a new parameter-dependent Lyapunov-Krasovskii functional, Leibniz-Newton formula, decomposition technique of coefficient matrix, free-weighting matrices, Cauchy's inequality, modified version of Jensen's inequality, model transformation, and linear matrix inequality technique, new delay-dependent robust exponential stability criteria are established in terms of linear matrix inequalities (LMIs). Numerical examples are given to show the effectiveness and less conservativeness of the proposed methods.
Introduction
Over the past decades, the problem of stability for neutral differential systems, which have delays in both their state and the derivatives of their states, has been widely investigated by many researchers, especially in the last decade. It is well known that nonlinearities, as time delays, may cause instability and poor performance of practical systems such as engineering, biology, and economics [1] . The problems of various stability and stabilization for dynamical systems with or without state delays and nonlinear perturbations have been intensively studied in the past years by many researchers of mathematics and control communities . Stability criteria for dynamical systems with time delay are generally divided into two classes: delay-independent one and delaydependent one. Delay-independent stability criteria tend to be more conservative, especially for small size delay; such criteria do not give any information on the size of the delay. On the other hand, delay-dependent stability criteria are concerned with the size of the delay and usually provide a maximal delay size.
Recently, many researchers have studied the stability problem for neutral systems with time-varying delays and nonlinear perturbations have appeared [29, 31] . Furthermore, the convergence rates are essential for the practical system; then the exponential stability analysis of time delay systems has been favorably approved in the past decades; see, for example, [3, 9, 10, 14, [18] [19] [20] [21] [25] [26] [27] [28] .
In addition, many researchers have paid attention to the problem of stability for linear systems with polytope uncertainties. The linear systems with polytopic-type uncertainties are called linear parameter-dependent (LPD) systems. That is, the uncertain state matrices are in the polytope consisting of all convex combination of known matrices. Most of sufficient (or necessary and sufficient) conditions have been obtained via Lyapunov-Krasovskii theory approaches in which parameter-dependent Lyapunov-Krasovskii functional has been employed. These conditions are always expressed in terms of linear matrix inequalities (LMIs). The results have been obtained for robust stability for LPD systems in which time-delay occurs in state variable; for example, [17, 18] presented sufficient conditions for robust stability of LPD discrete-time systems with delays. Moreover, robust stability of LPD continuous-time systems with delays was studied in [6, 19, 22, 30] .
In consequence, it is important and interesting to study the problem of robust exponential stability for neutral systems with parametric uncertainties. This paper investigates the robust exponential stability analysis for LPD neutral systems with mixed time-varying delays and nonlinear perturbations. Based on combination of Leibniz-Newton formula, free-weighting matrices, Cauchy's inequality, modified version of Jensen's inequality, decomposition technique of coefficient matrix, the use of suitable parameter-dependent Lyapunov-Krasovskii functional, model transformation, and linear matrix inequality technique, new delay-dependent robust exponential stability criteria for these systems will be obtained in terms of LMIs. Finally, numerical examples will be given to show the effectiveness of the obtained results.
Problem Formulation and Preliminaries
We introduce some notations, a definition, and lemmas that will be used throughout the paper.
+ denotes the set of all real nonnegative numbers; denotes the -dimensional space with the vector norm ‖ ⋅ ‖; ‖ ‖ denotes the Euclidean vector norm of ∈ ; × denotes the set of × real matrices; denotes the transpose of the matrix ; is symmetric if = ; denotes the identity matrix; ( ) denotes the set of all eigenvalues of ; max ( ) = max{Re : ∈ ( )}; min ( ) = min{Re : ∈ ( )}; , where = max{ℎ, }, ℎ, ∈ + ; * represents the elements below the main diagonal of a symmetric matrix.
Consider the system described by the following state equations of the form:
where ( ) ∈ is the state variable and ( ), ( ), ( ) ∈ × are uncertain matrices belonging to the polytope
ℎ( ) and ( ) are discrete and neutral time-varying delays, respectively,
where ℎ, , ℎ , and are given positive real constants. Consider the initial functions ( ), ( ) ∈ ([− , 0], ) with the norm ‖ ‖ = sup ∈[− ,0] ‖ ( )‖ and ‖ ‖ = sup ∈[− ,0] ‖ ( )‖. The uncertainties ( , ( )), ( , ( − ℎ( ))), and ( ,( − ( ))) are the nonlinear perturbations with respect to current state ( ), discrete delayed state ( − ℎ( )), and neutral delayed state( − ( )), respectively, and are bounded in magnitude:
where , , and are given positive real constants. In order to improve the bound of the discrete timevarying delayed ℎ( ) in system (1), let us decompose the constant matrix ( ) as
, and ∑ =1 = 1, ≥ 0 with 1 , 2 ∈ × , = 1, . . . , being real constant matrices. By Leibniz-Newton formula, we have
By utilizing the following zero equation, we obtain
where is a given positive real constant and ∈ × will be chosen to guarantee the robust exponential stability of system (1). By (6), (7) , and (8), system (1) can be represented by the forṁ 
Lemma 3 (see [15] ). The following inequality holds for any ∈ , ∈ , , ∈ × , ∈ × , and ∈ × :
where 
Proof. From Lemma 2, it is easy to see that
Lemma 5. 
where
Proof. From the Leibniz-Newton formula, one has
Therefore, for any 1 , 2 ∈ × , the following equation is true: 
Substituting (19) into (18), we obtain
From (3), it is clear that
From (20) and (21), the integral inequality becomes
The proof of the theorem is complete.
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Remark 6. In Lemma 4 and Lemma 5, we have modified the method from [8, 33] , respectively.
Main results

Robust Exponential Stability
Criteria. In this section, robust exponential stability criteria dependent on mixed time-varying delays of LPD neutral delayed system (1) with nonlinear perturbations via linear matrix inequality (LMI) approach will be presented. We introduce the following notations for later use:
. . , 10, = 1, 2, . . . , 6, = 1, 2, . . . , ;
− −2 ℎ 10 + ℎ 2 3 + ℎ 6 + ℎ 6 + 2 ℎ 2 8
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Moreover, the solution ( , , ) satisfies the inequality
Proof. Choose a parameter-dependent Lyapunov-Krasovskii functional candidate for system (9) as
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Calculating the time derivatives of ( ), = 1, 2, 3, . . . , 7, along the trajectory of (9), yieldṡ
The time derivative of 3 ( ) iṡ
Obviously, for any scalar ∈ [ − ℎ, ], we get −2 ℎ ≤ −2 ( − ) ≤ 1 and for any scalar ∈ [ − ℎ, ], we obtain −2 ℎ ≤ −2 ( − ) ≤ 1. Together with Lemma 4, we obtaiṅ
Taking the time derivative of 7 ( ), we obtaiṅ
Journal of Applied Mathematics 9 By Lemma 5 and the integral term of the right hand side oḟ4( ) anḋ7( ), we obtain
From the Leibniz-Newton formula, the following equations are true for any parameter-dependent real matrices ( ), ( ), = 1, 2, . . . , 10 with appropriate dimensions:
From the utilization of zero equation, the following equation is true for any parameter-dependent real matrices , = 1, 2, . . . , 10 with appropriate dimensions:
From (5), we obtain, for any positive real constants 1 , 2 , and 3 ,
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According to (29)-(36), it is straightforward to see thaṫ
and ∑ , is defined in (23) . From the fact that ∑ =1 = 1,
It is true that if conditions (25) hold, theṅ
which gives
From (40), it is easy to see that
From (41), we conclude that
. From (44), this means that the system (1) is robustly exponentially stable. The proof of the theorem is complete.
Next, we consider the following system:
We introduce the following notations for later use: 
Exponential Stability Criteria.
In this section, we study the exponential stability criteria for neutral systems with time-varying delays by using the combination of linear matrix inequality (LMI) technique and Lyapunov theory method. We introduce the following notations for later use: 
Σ 2,10 = − 10 + 2 + 2 10 ,
12
Σ 8,9 = 8 + 9 , Σ 8,10 = 8 + 10 , Σ 9,9 = 9 + 9 − 2 , Σ 9,10 = 9 + 10 , Σ 10,10 = 10 + 10 − 3 ,
If ( ) = , ( ) = , and ( ) = , where , , ∈ × are real constant matrices, then system (1) reduces to the following system: 
(52)
If ( ) = , ( ) = , ( ) = , and ( ,( − ( ))) = 0, where , , ∈ × are real constant matrices, then system (1) reduces to the following system: Moreover, the solution ( , , ) satisfies the inequality
]).
Numerical Examples
In order to show the effectiveness of the approaches presented in Section 3, three numerical examples are provided.
Example 1.
Consider the robust exponential stability of system (1) with 
The numerical solutions 1 ( ) and 2 ( ) of system (1) with (58)-(59) are plotted in Figure 1 where the states 1 ( ) and 2 ( ) are attracted to the stable origin.
Solution. By using the LMI Toolbox in MATLAB (with accuracy 0.01), we use conditions (25) The maximum value ℎ for exponential stability of system (61) with (62)- (63) is listed in the comparison in Table 1 , for different values of ℎ and . In Table 1 , we let = 0.05, = 0.1, = 0.1 and ℎ( ) = ( ). We can see that our results in Corollary 8 are much less conservative than in [3, 25, 26] .
Example 3. Consider the following neutral system (51), which is considered in [14, 28] 
‖ ( , ( ))‖ ≤ ‖ ( )‖, ‖ ( , ( − ℎ( )))‖ ≤ ‖ ( − ℎ( ))‖, and ‖ ( ,( − ( )))‖ ≤ ‖( − ( ))‖. By Corollary 9 to system (64) with (65)- (66), one can obtain the maximum upper bounds of the time delay with different convergence rate as listed in Table 2 . In Table 2 , we let ℎ = 0.1, = 0.1, = 0.05, = 0.05, and = 0.1. It is clear that the results in Corollary 9 give larger delay bounds than the recent results in [14, 28] .
Conclusions
The problem of robust exponential stability for LPD neutral systems with mixed time-varying delays and nonlinear uncertainties has been presented. Based on combination of Leibniz-Newton formula, free-weighting matrices, linear matrix inequality, Cauchy's inequality, modified version of Jensen's inequality, model transformation, and the use of suitable parameter-dependent Lyapunov-Krasovskii functional, new delay-dependent robust exponential stability criteria are formulated in terms of LMIs. Numerical examples have shown significant improvements over some existing results.
